Introduction 51
In multicellular organisms, cellular differentiation is required for the formation of 52 complex tissues and organs [5] . In unicellular organisms, the ability to coordinate and control 53 specialized cell morphologies and functions is critical for niche survival in diverse environments 2N:1N genomic content similar to WT cells and untreated pil-cys cells. These results suggest 124 that obstruction of pili dynamics stimulates the initiation of DNA replication. 125 To confirm the above results, we tracked chromosome replication at the single-cell level. 126 During S phase, the chromosomal partitioning system parABS in C. crescentus is involved in 127 chromosome segregation. ParB dimers bind parS sequences adjacent to the origin of replication 128 and subsequent interactions with cytoplasmic ParA helps to physically migrate the ParB-parS-129 DNA complex across the length of the cell [17] . To determine whether obstruction of pilus 130 dynamics stimulates the initiation of DNA replication, we tracked the localization of the ParB in 131 cells obstructed for pilus retraction with PEG-mal. For cells in G1 phase, a single ParB focus is 132 observed at the flagellar pole where the origin of replication is localized. After initiation of DNA 133 replication, a second ParB focus appears as newly-synthesized parS sites are bound by ParB 134 dimers and translocated to the opposite cell pole. We thus examined the percentage of piliated 135 cell with two ParB foci as a marker for cells that had initiated DNA replication. When treated 136 with PEG-mal, the Pil-cys strain exhibited a 20% increase in the number of piliated cells with 137 two ParB foci as compared to untreated and PEG-treated cells ( Figure 1C ). Taken together, these 138 results suggest that obstruction of pili dynamics stimulates entry into the cell cycle.
140
A mutation in the outer membrane pilus secretin that disrupts pilus retraction stimulates 141 holdfast synthesis and initiation of DNA replication. 142 Because chemical obstruction of pilus retraction through the addition of PEG-mal 143 stimulates initiation of DNA replication, we reasoned that some mutants genetically deficient in 144 pilus retraction would exhibit a similar phenotype. Since pili are terminally retracted prior to 145 cellular differentiation, we hypothesized that stalked cells of a retraction mutant would exhibit an 146 increase in the number of cells with pili localized at the tips of stalks where the outer membrane 147 secretin CpaC remains after stalk synthesis [18] . Because retraction mutants in several species 148 are hyperpiliated and hyperpilation results in increased surface attachment, we performed an 149 unbiased genetic screen to enrich for mutants that attach more efficiently to surfaces. We then 150 screened the enriched cell population for changes in pilus-dependent ɸCbK phage sensitivity 151 because we assumed that a mutant deficient in pilus dynamics would be more resistant to pilus-152 dependent phage infection. From this screen, we isolated a mutant that harbored pili at the tips of 153 stalked cells, indicative of obstructed pilus retraction and a failure to terminally retract its pili 154 prior to cellular differentiation (Figure 2A and B). Whole genome sequencing revealed a 155 mutation that mapped to the outer membrane pilus secretin gene, cpaC G324D .
156
To test whether the obstruction of pilus retraction mediated by the cpaC G324D mutation 157 stimulates cell cycle progression similarly to physical obstruction by PEG-mal treatment, we first 158 quantified holdfast synthesis in mutant populations. In the cpaC G324D mutant, approximately 36% 159 of synchronized cells produced a holdfast within five minutes of birth as compared to 17% in 160 cells with the wild-type allele of cpaC ( Figure 2C ). By comparison, 51% of cells obstructed for 161 pilus retraction by the addition of PEG-mal synthesize a holdfast within five minutes of birth.
162
These results suggest that the cpaC G324D mutant is partially stimulated for surface sensing.
163
Interestingly, the cpaC G324D mutant appears only partially obstructed for pilus retraction as 164 evidenced by fluorescent cell bodies (Figure 2A ). Indeed, we have previously shown that cell 165 body fluorescence in pil-cys cells labeled with fluorescent maleimide is dependent upon pilus 166 retraction and dispersal of labeled pilins into an inner membrane pilin pool [11] . As the 167 cpaC G324D mutant exhibits both cell body fluorescence as well as pili at the tips of stalks, we infer 168 that it is only partially obstructed for pilus retraction.
169
To test whether the cpaC G324D mutant had an increase in DNA replication initiation 170 similar to cells physically obstructed for pilus retraction, we measured the DNA content of 171 cpaC G324D mutants. We found that the cpaC G324D mutant had an intermediate increase in the 172 number of cells harboring two chromosomes compared to the PEG-mal treated pil-cys strain and 173 WT, indicative of accelerated cell-cycle progression ( Figure 2D ). Importantly, a cpaC G324D pilA 174 double mutant lacking the major pilin subunit exhibited the same phenotype as a pilA mutant 175 alone, demonstrating a dependence of cell-cycle acceleration of the cpaC G324D mutant on the 176 presence of PilA. These results suggest that obstruction of pili dynamics by the cpaC G324D 177 mutation stimulates both holdfast synthesis and entry into the cell cycle. Figure 3B and C). Notably, the cpaC G324D mutant that is 190 genetically obstructed for pilus retraction exhibited ParB duplication at 17.6 minutes after birth, 191 similar to both attached and PEG-mal-treated cells.
192
Taken together, our results indicate that swarmer cells that contact a surface, planktonic 193 swarmer cells physically obstructed for pilus retraction, and planktonic swarmer cells with a 194 mutation that obstructs pilus retraction differentiate ~15% earlier than planktonic swarmer cells. 195 We next sought to determine the mechanism by which obstruction of pili dynamics stimulates 196 entry into the cell cycle. Bacterial strains and primers used in this study are listed in Supplemental Table 1 . C. 290 crescentus strains were grown at 30°C in peptone yeast extract (PYE) medium [28] . Escherichia 291 coli DH5α (Bioline) were used for cloning and grown in lysogeny broth (LB) medium at 37°C 292 supplemented with 25 µg/ml kanamycin when appropriate.
293
Plasmids were transferred to C. crescentus by electroporation, transduction with ΦCr30 294 phage lysates, or conjugation with S-17 E. coli strains as described previously [29] . In-frame 295 allelic substitutions were made by double homologous recombination using pNPTS-derived 296 plasmids as previously described [30] . Briefly, plasmids were introduced to C. crescentus and 297 then two-step recombination was performed using sucrose and kanamycin resistance or Research) and assembled in pNPTS138 that had been digested with restriction enzyme EcoRV 306 (New England Biolabs) using HiFi Assembly Master Mix (New England Biolabs). For A subculture-based forward genetic screen was performed to enrich for mutants efficient 376 in holdfast-independent surface attachment. Ten replicates of a parent Pil-cys strain lacking the 377 holdfast-synthesizing genes (ΔhfsDAB) was grown in five ml of PYE in glass tubes to stationary 378 phase. Cultures were then dumped and lightly washed with PYE to remove loosely bound cells.
379
The tubes were then refilled with five ml of PYE and again grown to stationary phase, and this 380 was repeated until turbid growth was observed after overnight growth (23 days). Cultures were 381 then streaked out onto PYE agar plates to isolate individual mutants. Isolates were then tested for 382 changes in phage sensitivity to the pilus-dependent phage ΦCbK, and those exhibiting an 383 alteration from wildtype sensitivity were sequenced to identify mutations. Whole genome 384 sequencing and mutant identification was performed as described previously [35] with the 385 exception that sequencing reads were mapped to the genome of C. crescentus NA1000 386 (NC_011916.1).
387
Phage sensitivity assays. 388 Phage sensitivity assays were performed as described previously [36] . Briefly, five µl of 389 ΦCbK phage dilutions were spotted onto lawns of growing C. crescentus strains. Lawns were 390 made by adding 200 µl of stationary phase cultures to three ml of melted top agar (0.5% agar in 391 PYE) and spread over 1.5% PYE agar plates. After the top agar solidified, five µl of phage 392 dilutions in PYE were spotted on top. Plates were grown for two days at 30°C before imaging.
393

Cell synchronization and surface stimulation experiments.
394 Cells were synchronized as described previously [11] with some modifications. Briefly, 395 50 ml of PYE in a 15 cm polystyrene petri dish was inoculated with one ml of overnight culture 396 of the indicated holdfast-synthesizing strain expressing ParB-mCherry and incubated for 16 h at 397 room temperature at 70 rpm on an orbital shaker. Four hours prior to experiments, the petri dish 398 was washed with 50 ml of sterile, distilled water. 50 ml of PYE medium was added to the petri 399 dish and incubated at room temperature shaking for an additional four hours. Just before use, the 400 petri plate was washed twice with 100 ml of distilled water, and then one ml of PYE (containing 401 500 μM PEG-mal where indicated) was added to the petri plate and harvested after one minute to 402 collect newborn swarmer cells. For planktonic populations, the one ml of PYE containing 403 newborn swarmer cells was added to a 1.7 ml centrifuge tube and left stationary at room 404 temperature for three minutes before 1 μl was spotted onto a coverslip and imaged under a 1% 405 agarose pad made with PYE and containing 0.5 μg/ml AF488-WGA to label holdfasts. For 406 surface-attached cells, 1 μl of the harvested newborn swarmer cells was spotted onto a glass 407 coverslip and left stationary at room temperature for three minutes before the addition of the 1% 408 agarose pad. Agarose pads do not stimulate surface-contact responses as reported elsewhere [32] , 409 and we found that allowing cells to attach to the glass coverslip for three minutes before the 410 addition of the pad was critical for observing a surface-stimulated response. Time-lapse images 411 of ParB-mCherry foci and holdfasts labeled with AF488-WGA in the agarose pad were captured 412 once per minute over 35 min using the same settings described above. Holdfast and ParB-413 mCherry duplication events were quantified manually using NIS Elements Analysis software. 
